In this paper, we consider the D-brane, especially D − -brane, in the pp-wave background, which has the eight dynamical and the eight kinematical supercharges. Since the pp-wave background has not a SO(8) but a SO(4) × SO(4) symmetric group, the D-brane world-volume theory has a non-trivial symmetric group which depends on the configuration of D-brane. Here, we will analyze the open string spectrum consistent with the non-trivial symmetric group and, at the low energy limit, classify the field contents of the D-brane world-volume theory which come from the fermionic zero modes of the open string.
Introduction 2 Review of open string in pp-wave background
In the pp-wave background including a constant R-R five-form flux, the metric is given by
and F +1234 = F +5678 = 2µ, (2.2) where µ is an arbitrary constant and index I runs from 1 to 8. These quantities can be obtained by maximally supersymmetric solutions of the type IIB string theory. The Green-Schwarz light-cone action in the plane wave background describe massive bosons and fermions. In the light-cone gauge, X + = τ , the action is given by
where ∂ ± = ∂ τ ± ∂ σ . In this paper, we will set α = 2α ′ p + for open strings and take the spinors S as eight two-components Majorana spinors on the world-sheet Σ that transform as positive chirality spinors 8 s under SO(8): The presence of Π in the fermionic action breaks the SO(8) symmetry into SO(4) × SO(4) ′ .
From this action Eq.(2.3) we can obtain the equations of motion of the bosonic field X I and the fermionic field S a :
6)
The bosonic sectors
The Green-Schwarz action for bosonic modes is given by
(2.8)
Now we pay attention to open strings ending on Dp-branes, especially static Dp-branes for simplest, in plane wave background. For these open strings, Neumann boundary conditions, 9) are imposed along directions of the Dp-branes world-volume and Dirichlet boundary conditions, Using the canonical conjugate momentum defined by
(2.13) the Hamiltonian is given by 14) where two phase space coordinates, X I and P I , satisfy the following commutation relation
From the above commutation relation, we can get commutation relations of expanding modes 
In terms of modes n, the Hamiltonian is given by
By introducing new variables for n = 0 19) and for n > 0 20) this Hamiltonian can be rewritten as a harmonic oscillator form 
Notice that a r ′ 0 and a s ′ 0 + , which are zero modes of the transverse coordinates, are set to zero.
Since the energy contributions of zero modes of the transverse coordinates are absent, the zero point energy of the above hamiltoian is given by 23) where (p − 1) is the number of coordinates satisfying the Neunmann boundary condition except light-cone coordinates. This Eq.(2.23) implies that the bosonic zero point energy depends on a world volume dimension of Dp-brane.
The fermionic sectors
The action for fermionic field is given by 24) where the spinor indices a run from 1 to 8.
To describe the open string fermions, we consider the boundary condition which reduces the fermionic degrees of freedom: 25) where Ω is a product of the gamma matrices of the world-volume directions of D-brane. Then, the solutions of equations of motions satisfying the boundary conditions read
where
(2.27)
Using the canonical momenta defined by
where A = 1 and 2, the Hamiltonian is given by
At a fixed time τ = 0, the Hamiltonian is written by
For the non-zero modes (n > 0), if we define new variables: 31) then the Hamiltonian for the non-zero modes is given by a similar form of the harmonic oscillator
Notice that the Hamiltonian of the fermionic zero modes contains Ω, whose form depends on a configuration of Dp-brane. Hence, in the next section, we will describe, case by case, spectrum of the fermionic zero modes. 
Spectrum of the fermionic zero modes
In pp-wave background space-time, the symmetry group is given by SO(4) × SO(4). To describe an open string, we have to include Dp-brane. This Dp-brane breaks half supersymmetry and also break a symmetry group into a appropriate subgroup according to the Dp-brane configuration.
To describe an open string on the Dp-brane world volume, we have to find the representation of an open string under this subgroup. Moreover, at the low energy scale where the stringy excitation modes are excluded, the zero mode states of this open string have one-to-one correspondence to field contents of the SYM theory. In the bosonic modes of an open string, the existence of a Dp-brane divides coordinates X I into two parts: (p − 1) Neumann coordinates satisfying ∂ σ X r = 0, and (9 − p) Dirichlet coordinates satisfying ∂ τ X r ′ = 0. As shown in Eq.(2.18), Dirichlet coordinates have no zero modes, so the zero point energy is given by Eq.(2.23). Now let us consider Hamiltonian of the fermionic zero modes
where S 0 are the real eight-component spinors. From the fact that ΩΠΩΠ = −1, an eigenvalue of ΩΠ is given by +i or −i. Suppose that ψ are eigenstates of ΩΠ with an eigenvalue +i or −i, then the fermionic zero modes S 0 can be described by the appropriate linear combinations of ψ which are complex spinors and depend on the boundary condition. In the next sections, we will give a full details of these combinations consistent with the boundary condition. Without considering the boundary condition, the pp-wave background has a SO(4) ×SO(4) Lorentz symmetric group, which is caused by a constant RR 5-form flux F +1234 = F +5678 = 2µ. This symmetric group can be described by SU(2) L × SU(2) R ×SU(2) L ×SU(2) R , which is a bispinor representation (see appendix). Now consider SO(2) × SO (2) ′ , which are rotations in the 12 and 34 and are generated by T 12 ≡ iγ 12 /2 and T 34 ≡ iγ 34 /2 respectively, these rotation generators, T 12 and T 34 , are related with the Cartan generators, J 3L and J 3R , of the first SU(2) L × SU(2) R symmetric group:
At the same way, other Cartan generators,J 3L andJ 3R , of the second symmetric groupSU(2) L × SU(2) R are given by, in terms of generators T 56 and T 78 of a rotation groupSO (2) ×SO (2) ′ ,
Now define complex fermions:
where a = 1, 2, 3, 4, and these fermions ψ have a proper eigenvalues of generators in SO(2) × SO(2) ′ ×SO(2) ×SO(2) ′ , as shown in the table 1.
The Hamiltonian of the fermionic zero modes can be rewritten as
Notice that if we choose ψ as an eigenstate of ΩΠ, then ΩΠ is diagonalized and the second line in Eq.(3.5) becomes zero due to the Pauli exclusion principle.
D7-brane
In this section, we will consider D7-brane lying in X 0 , X 1 , · · · , X 6 , and X 9 . This D7-brane configuration gives a following symmetric group except light-cone coordinate directions:
Under this symmetric group, fermions ψ transforms, as shown in the 
space is divided by two Weyl spinors with their complex conjugate spinors in four-dimensional space, where we use a SO(4) bispinor representation:
where (2, 1) and (1,2) are the complex conjugate spinors of (2, 1) and (1, 2), respectively. Therefore, if we choose (2, 1) and (1, 2) as creation operators, (2, 1) and (1,2) are interpreted as annihilation operators. These relations can be explicitly shown by writing a Hamlitonian of fermionic zero modes as a harmonic oscillator form. To do so, notice that in the case of D7-brane, ΩΠ is nothing but γ 56 . Hence, ψ become eigenstates of ΩΠ with eigenvalues ±i:
Therefore, the Hamiltonian of fermionic zero modes on D7-brane is given by
Introduce new fermionic variables with the following definitions:
where ψ in (2, 1) and (1, 2) are defined as the creation operators and at the same time, ψ in (2, 1) and (1,2) are introduced as the annihilation operators. Then, the Hamiltonian can be rewritten as a harmonic oscillator form
where a runs from 1 to 4. Therefore, the total Hamiltonian of an open string ending on Dp-brane is given by
In Eq.(3.10), notice that for n = 0 I runs from 1 to p − 1, which are indices of the Dp-brane world-volume coordinates in a light-cone gauge, and a runs from 1 to 4. In the case of non-zero modes (n = 0), I and a run from 1 to 8. Therefore, the zero point energy of an open string modes is given by
where the zero point energy of non-zero bosonic modes is cancelled by that of fermionic modes, so only zero modes of an open string give a contribution to zero point energy. In the D7-brane case, the zero point energy is given by sign(α)ω 0 . At the low energy limit, we expect that the world-volume theory on this D7-brane can be described by a Super-Yang-Mills theory and all field contents of this theory can be also obtained from fermionic zero modes of an open string. To obtain field contents of the D7-brane worldvolume theory in the pp-wave background which has a SO(4) ×SO(2) symmetric group, we have to consider the Fock space consistent with this symmetric group. Here, we pay attention to the SO(4) representation, so all field contents will be described by fields in four-dimensional space. In addition, the restSO(2) symmetric group, which is just rotation group in X 5 and X Now, to construct a Fock space we have to choose an appropriate vacuum which is annihilated by annihilation operators:
where −1 and 0 in the state imply the charges of the rotation groupsSO(2) ×SO(2) ′ . Using these fermionic zero modes and the vacuum state, we can classify the field contents of the world-volume theory, as shown in the table 3. In table 3, A andĀ are identified with complex scalar fields having −1 and +1 charges under the rotation in X 5 and X 6 plane, which implies that A andĀ are just the linear combinations of the real scalar fields, X 5 and X 6 . In six-dimensional space, these two fields together with A i , which is a gauge field in four-dimensional space, become a six-dimensional vector field. The other scalar fields, φ andφ become a singlet under the SO(4) ×SO(2) symmetric group and have + or − charge ofSO(2) ′ .
D5-brane
In this section, we will consider a D5-brane lying in X 1 , X 2 , X 3 and X (2) which is an R-symmetry group of N=2 supersymmetry on D5-brane. To obtain a Harmonic oscillator form of the hamiltonian, we have to define all fermions with a positive eigenvalue of iγ 48 as the creation operators and the rest are defined as the annihilation operators. Then, the Hamiltonian is written as 14) and the zero point energy E 0 is given by zero. Here, since the world-volume theory of D5-brane in the light-cone coordinates has a SO(3) symmetric group with aSO(3) internal R-symmetric group, we will find the field contents in terms of three-dimensional space language. In three-dimensional space, as shown in the table 5., A i is a vector vector field, which is composed by three components representing the coordinates, X 1 , X 2 and X 3 . This vector field, A i transforms as a vector multiplet under SO(3) symmetric group. In addition, A andĀ are scalar fields whose linear combinations imply the scalar fields of x 5 and x 6 coordinates. A 0 implies X 7 field which is a coordinates of target space. This A 0 together with A andĀ become a vector multiplet under aSO(3) internal R-symmetric group. The linear combinations of the other scalar fields, φ andφ, represent X 4 and X 8 . In four-dimensional world-volume of D5-brane, the vector field A i in three-dimensional space and a scalar field X 8 become a vector field of D5-brane world-volume theory.
D3-brane
Now, we consider the D3-brane lying in x 1 and x 2 directions. This D3-brane configuration breaks the SO(4)×SO (4) Table 6 : The rotation properties of ψ in transverse eight-dimension.
SU (2) ×SU (2) where the first, SO (2) is the Lorentz symmetry group of the D3-brane worldvolume theory in the light-cone gauge. The other group,SO(2)×SU L (2)×SU R (2) is the internal symmetric group representing the R-symmetry. To construct the Fock space, we have to choose the fermion which is an eigenstate of ΩΠ, otherwise there are extra term in the Hamiltonian, as previously mentioned (see Eq.(3.5)). Since ΩΠ = −γ 34 , consider the fermions with some quantum numbers under the Lorentz group and the internal group, as shown in the table 5.
In the table 5., each ψ is an one-component Weyl fermion which is the fermionic field in the D3-brane world-volume theory. Now, we define the Cartan generators of SU L (2) and SU R (2) internal symmetric groups as J 3L and J 3R : 16) where in the case of the zero modes (n = 0), I runs from 1 to 2 and A from 1 to 4. Therefore, the zero point energy, which is caused by the different numbers of bosonic and fermionic zero modes, is given by E 0 = −sign(α)ω 0 . Note that the creation operators have − 
(0,0,−1) 
Discussion
By many authors, the open string theory and their superalgebra on the D-brane in the pp-wave background are studied. In this paper, we have exactly shown that the field contents of the SYM theory with the non-trivial background are obtained from the open string theory in the pp-wave background. Note that the world-volume theory is described by a low dimensional representation, which arises due to the non-trivial symmetric group. Like the Ref.
[?] where SYM theory as a world-volume theory of D3-brane in the pp-wave background is studied, it has been believed that the world-volume theory on the D-brane in the pp-wave background is SYM theory. However, although it is not clear how in the GS formalism we can obtain the worldvolume theory such as the Dirac-Born-Infeld action in the flat space background, the result of this paper gives some evidences that the world-volume theory of D-brane in the pp-wave can be described by a SYM theory. In the case of the closed string field theory, in the Ref.
[?] the interaction Hamiltonian of the three closed strings was obtained and in the Ref. [?] it was shown that this interaction Hamiltonian is a correct one compared with the supergravity calculation. In the open string field theory case, the interaction Hamiltonian was obtained using the similar method of the closed string field theory. To believe that this interaction Hamiltonian is correct, we have to compare with the SYM theory result. So it is very interesting to compare the open string field theory result with that of SYM theory, we expect that the result of this paper has a crucial role in studying that topic. and there are also the same constraints for U ′ . These constraints imply that U and U ′ are just elements of SU (2) group. Note that there is no condition to relate U and U ′ . To distinguish these two SU(2) groups, we denote U and U ′ as elements of SU(2) L and SU(2) R , respectively. As a result, a vector of SO (4) Now, define the Cartan generators, J 3L ≡ σ 3 /2 in SU(2) L and J 3R ≡ σ 3 /2 in SU(2) R . Due to the equivalence of J 3L and J 3R in a diagonal subgroup, an eigenstate of J 3L is also that of J 3R . Suppose that there is a fermion which is an eigenstate of J 3L , then this fermion can be characterized by a quantum number of J 3L and J 3R . However, since J 3L − J 3R = 0 a fermion is charcterized by a quantum number of J 3 ≡ J 3L + J 3R only. Finally, to find a appropriate fermion described by spinor representation of a SO(3) subgroup, we have to choose a spinor which is an eigenstate of J 3 .
